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hard on improving efficiency of energy use and reducing pollutant emissions in the last decades. There are three main 47 methods for improving engine performance in terms of energy utilisation efficiency and reducing emissions: 48 49 modification of combustion system, developing and using renewable alternative fuels and improving treatment of 50 exhaust gases. Pirouzfar et al pointed out exhaust emissions arising from the fuel could be controlled by blending an 51 52 oxygenated fuel (such as Methanol, Ethanol, and n-Butanol) with the diesel fuel, and engine performance could be 53 improved at the same time [1] . A lot of research recognizes that adding biofuels can reduce some emissions with no or 54 55 minor impact on engine performance, especially biodiesels [2-3]. Moreover, some researches reveal that adding various 56 nanoparticles as nanocatalysts or nanoadditives in diesel or biodiesel-diesel blends can increase energy utilisation 57 58 efficiency of engines by improving combustion efficiency and reduce exhaust emissions [4] [5] . The most common 59 nanoparticles used are metal and metal oxides, including aluminum, iron and silver [6] [7] [8] combustion catalyst to improve combustion behavior and reduce pollutant emissions because of their multifold 7 enhancement in thermophysical and chemical properties of the modified fuels such as high surface to volume ratio, high 8 9 reactive medium for combustion, high thermal conductivity to enhance heat and mass transport, improvement in flash 10 point and so on [5] . 11 12
On the other hand, core-shell structure nanoparticles, such as carbon coated metal or alloy nanoparticles have been 13 attracted more and more research interests due to their unique structure [27] [28] . Carbon coatings can not only protect 14 15 metal core in ambient conditions and maintain excellent thermal properties, but also improve stability of suspension fuel 16 because of its better hydrophilia than metals and metal oxides. However, few studies are found using 17 18
carbon-coated-metal nanoparticles as additives. Therefore, it is necessary to carry out an investigation to study and Thermo scientific ultra dry), X-ray photoelectron spectroscope (XPS, K-Alpha Thermo scientific) and field scanning 1 electron microscopy (SEM, JEOL JEM-2100F ). For comparison, B10 blend fuel with 4% ethanol was also prepared 2 3 without adding nanoparticles, which was named as B10E4 (4% ethanol + 96% B10).
4
The equipment and facilities used for the engine test included engine-performance test bench, exhaust gas analysers 5 6
and a special designed filter rig to collect the particulates emitted from the engine. The engine performance, emission 7 concentrations and the results of burned particles were recorded from their own data acquisition system. A heavy-duty 8 9 diesel engine (Cummins ISBe5, it is an engine of four-cylinder in line, four-stroke with displacement of 4.5 liters) was 10 used to carry out the tests to investigate the effect of target fuel blends. The engine parameters are listed in Table 1 in  11  12 detail. 13 14 15 
33
The engine had a common rail fuel injection system, which had a maximum value of 1800 bar pressure and one 34 35 solenoid injectors for each cylinder, was shown in Fig. 1 . The engine test-bench, the emission analysers, sensors and the 36 data loggers were all calibrated before formal tests started, in order to ensure the accuracy of the data obtained. (NO X ) emission, total hydrocarbon compounds (THC) and carbon monoxide (CO) emission, were recorded by Horiba 42 MEXA 1600D. The value of emission particle numbers was measured by Horiba MEXA SPCS 1000 in real-time as well.
44
Furthermore, in order to detect particles in the exhaust line, filter papers as track-etched polycarbonate membrane were 45 46 used with 4 types of pore diameter from 10µm to 0.015µm. When exhaust gas went through the four multiple filter papers, the particulates including combustion residues and other particles were adhering to filter paper in different scales. 48 49
A vacuum pump was used in the filter papers' line to ensure that gas flew in one direction. These sample filtrations in this 50 study were not only for particle removal, but also for particle collection in the further material analysis. TEM and XPS 51 52
were employed to study the phase change and microstructure of nanoparticles embedded in the collected combustion 53 residues on filter papers. 54 55 56 3. Results and discussion 57 58
The morphologies and microstructures of carbon coated aluminum nanoparticles were characterized by SEM and TEM 61 62 63 64 65 59 respectively. As shown in Fig. 2(a) , Al@C nanoparticles present a spherical shape with a diameter in the range of 60-160 60 61 62 63 64 65 nm. The average particle size is around 120nm. It can be seen obviously from TEM observation that Al@C nanoparticles 1 possess core-shell structure (Fig. 2b, c) . The core-shell structure particles are quasi-spherical with diameter ranging from 2 3 60 nm to 120 nm, consistent with SEM observations. High-resolution TEM image in Fig. 2 (c) display the disordered 4 outer layer with thickness around 5 nm, which indicating amorphous structure of graphite. It also reveals that the core is 5 6 crystalline, having a calculated lattice spacing of 0.236 nm, which consistent with the interlayer spacing corresponding to 7 the (111) plane of face-centered cubic aluminum (JCPDS: 89-4037). The energy dispersive X-Ray spectroscopy (EDX) 8 9 results further confirm the nanoparticles contain a large amount of aluminum element, as shown in Fig. 2(d) . The 10 elemental mapping results from EDX demonstrate Al is evenly distributed in the nanoparticles with almost same density 11 12 in all particles area, which could be observed from Fig. 2(e, f) . Obviously, all the nanoparticles contain similar amount of 13 aluminum as light spot representing the specific element spreads in the area that corresponds to the particles with mainly 14 15 the same brightness. These observation results reveal that the nanoparticles have core-shell structure with aluminum 16 cores surrounded by carbon shells completely. Core-shell structure of the nanoparticles with metallic core and carbon 17 18
shell could improve suspension stability of the nanoparticles dispersed fuel, as metal tends be hydrophilic .  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42 
47 48
The sedimentation photographs of the prepared biodiesel-blend adding with Al@C nanoparticles without any 49 50 surfactants before and after quiescence for 15 days are exhibited in Fig. 3 specific fuel consumption (BSFC) with brake mean effective pressure (BMEP) for all fuel samples is depicted in Fig. 4a .
22
Clearly, as shown in Fig.4a , the BSFC value decrease along with increasing BMEP. It is apparent that the fuel 23 24 consumption of B10E4N30 is lower than the other two samples which show basically the same behavior. As for 25 B10E4N30, it contains only 30-ppm Al@C nanoparticles, therefore, the differences of the density and heat value of the 26 27 three fuels are tiny and can be neglectable. The relative BSFC value ratios of B10E4 to B10 and B10E4N30 to B10 were 28 calculated by normalizing B10 value as 1.0 for comparison. As noted from the Fig. 4b , B10E4N30 has the lowest value 29 30
of BSFC in the whole ESC cycle, except for the mode 6. A distinct BSFC decrease for B10E4N30 is about 6% on 31 average in 12 modes under ESC condition, comparing with other two fuel blends. Meanwhile no obvious difference is 32 33
found for the fuel consumption of B10E4 and B10.
34
Obviously, it should be carbon coated nanoparticles which can improve the combustion process and enhanced the 36 thermal efficiency of the engine, which means that the homogeneous dispersion of Al@C nanoparticles in the fuel 37 (B10E4N30) improves the spray atomisation of fuel when it is injected into the combustion chamber and improves 39 combustion process. Therefore, more power output from the engine with the same amount of fuel input, and the BSFC 40 reduced in the presence of Al@C nanoparticles. In diesel combustion process fuel is injected into hot air at the end of the 42 compression process followed by auto-ignition and heat release. Hence fuel ignition and combustion qualities (e.g. fuel 43 44 ignition delay and combustion period) in diesel engine have considerable effect on engine performance and exhaust gas 
17
The test results of emission characteristics are displayed in Fig. 5 and Fig. 6 . As can be seen from the graph in Fig. 5(a 
considered that addition of the alcohols (such as ethanol) to the diesel fuel provides excess oxygen in the fuel blend that 1 contributes the inner cylinder to produce CO and adds to the hydrocarbon amount as well [1] . However, significant 2 3 decline of 19% in mean value of CO emission for B10E4N30 in the whole ESC cycle has been shown in Fig. 6b,   4 comparing with B10. Taking into account the evident increase in CO emissions when ethanol is added alone in 5 6
diesel-biodiesel blend and the apparent decrease in CO emissions when both ethanol and Al@C nanoparticles are added 7 simultaneously, it is reasonable to believe that the Al@C nanoparticles can reduce diesel CO emissions effectively. The 8 9
reduction of CO emissions due to the addition of nanoparticles may be attributed to the complete combustion of fuel, 10 better atomization and extra surface energy provided by the nanoparticles [7, 15, 29] . For THC emission, as shown in Fig.  11  12 6c and 6d, it can be seen a significant increase in THC emission for the presence of ethanol (B10E4). But when Al@C 13 nanoparticles added into B10E4, it reduced THC emission by 14.5% as compared to B10E4. It is thus clear that the 14 15
Al@C nanoparticles can reduce THC emission, to a certain extent .  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46 47 
51 52
Particle number concentration (PN) per unit kWh power output was used as the parameter for measurement of 53 particulate emissions. The test results of the PN are shown in Fig. 7 . The concentration of PN for B10E4N30 is the 54 highest throughout the whole period, rising from around 4×10 6 # / kWh under around 0.5MPa to just over 11×10 6 # / 56 kWh at 0.9MPa BMEP condition. Fig. 7b indicates a mean reduction of 11.8% in PN at the whole 12 test modes by 57 58
adding 4% ethanol to diesel-biodiesel fuel blend (B10E4 compared to B10). Oxygenated fuels are known to reduce 59 particulate matter emissions [1, 3] , since the alcohols contain oxygen and have lower ratio of carbon to hydrogen, the formation of new particles with the nucleation mode within the peak diameters of 10−20 nm, leading to an increase in the 8 9 emission of total particle counts [23] . It is supposed that Al@C nanoparticles are burned totally during combustion 10 process and formed alumina, which resulting to a distinct increase of emitted particles numbers. 
29
In order to investigate the phase structure change of Al@C nanoparticles after engine test, the combustion residues 31 collected from filter papers for B10E4N30 blend fuel were characterized by TEM. Spherical particle with about 160nm 32 in diameter can be observed in Fig. 8a . However, the core-shell structure of nanoparticle is not very clear. EDX spectrum 34 display the residues contain aluminum, oxygen, carbon and silicon. It is obvious both carbon and oxygen peak intensity 35 36
relative to the aluminum peak increase after combustion, as comparison of Fig. 2(d) and Fig. 8(b) . The calculated atomic 37 percentage ratio of Al/O from EDX spectrum is close to 2:3 which in keeping with the atom ratio in alumina (Al 2 O 3 ). As 38 39 nanoparticles are embedded in combustion residues of biodiesel-diesel blends, the presence of Si and enlargement of C 40 are attributed to the fuel residue. High-resolution TEM image (Fig. 8c) itself. It may therefore be necessary to clean or change the aftertreatment system more frequently .  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55 56 Fig. 9 . XPS survey spectrum of collected combustion residue from B10E4N30 blend fuel, inset is magnified spectrum.
58 59
From the above results, it can be seen the characteristics of emissions from the diesel engine are changed, when Al@C 22 2) Improvement of engine performance is observed with lowered BSFC by 6% on average for the diesel-biodiesel 23 24
blend with ethanol and Al@C nanoparticles, while little effect on BSFC is found for the diesel-biodiesel-ethanol 25 blend. 26 27
3) A reduction in NO X emission of 6% on average is found for B10E4N30, and along with an average drop of 19% in 28 CO emission, compared to B10. 29 30 4) However, THC emission from B10E4 is much higher compared to B10; but the THC emission can be reduced when 31
Al@C nanoparticles added in, compared to B10E4. 32 33 5) Significant increase on particle number concentration are found in the presence of Al@C nanoparticles. 34 6) Al@C nanoparticles are transformed into alumina nanoparticles during combustion process. 35 36 7) From the present work, it may conclude that adding Al@C nanoparticles in diesel-biodiesel blend provide an 37 effective approach to improve engine performance by reducing BSFC and reduce NO X emissions. Further study is to 39 be carried out to understand further the mechanism of the combined effect of nanoparticles and ethanol on the engine 40 performance; and real application of the finding to improve the Energy utilisation efficiency of diesel engines. 
